Background: Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease that is found in people who have suffered from chronic traumatic brain injury (TBI). Up to now, diagnosis of CTE could only be made based on postmortem histopathological examinations. The application of MR techniques might offer a promising possibility for in vivo diagnoses. Purpose/Hypothesis: To provide a critical systematic review of the characterization of chronic TBI and CTE by considering the range of MR techniques. Study Type: This was a systematic review for which the electronic databases PubMed and Embase were searched using the terms ("chronic traumatic encephalopathy" OR "punch drunk syndrome" OR "chronic traumatic brain injury" OR "dementia pugilistica" OR "chronic head trauma") AND ("magnetic resonance imaging" OR mri OR imaging OR mrs OR "magnetic resonance spectroscopy" OR spectroscopy). Population/Subjects/Phantom/Specimen/Animal Model: Of the 432 studies identified by the database search, 25 were included in this review. Field Strength/Sequence: Diffusion, structural, and functional MRI sequences and MR spectroscopy were evaluated at 1.5T or 3T and at 11.74T for the ex vivo studies. Assessment: Data were extracted by two reviewers independently. Specific inclusion and exclusion criteria like the study design, publication type, and applied MR techniques were used to select studies for review. Statistical Tests: Results of the original research articles were stated in this review as significant if P 0.05. Results: Of the included articles, two were ex vivo studies focusing on the coregistration of histology and MRI. All other studies were based on in vivo data. Data Conclusion: The included studies varied considerably regarding study setup, MR techniques, and results. Nevertheless, this work aims to establish links between the studies and discusses the results and limitations associated with the characterization of chronic TBI and CTE based on MR. Level of Evidence: 3 Technical Efficacy: Stage 2
C hronic traumatic encephalopathy (CTE) is a progressive neurodegenerative disorder that is associated with chronic traumatic brain injury (TBI). The clinical symptoms of CTE may only be expressed years following TBI and progress slowly. The literature has been focused on CTE in war veterans or as a possible effect of contact sports, such as American football, ice hockey, or boxing. 1, 2 In 2013, McKee et al analyzed postmortem brains with a history of repetitive mild traumatic brain injury and found evidence of CTE in 80% of the subjects. 3 In addition, Omalu et al analyzed brain tissue of 14 professional athletes after unexpected deaths, of whom 10 were positive for CTE. They found that the fundamental neuropathological feature of CTE was the topographic distribution of neurofibrillary tangles and neuritic threads, which can be accompanied by plaques. 4 However, it was also shown that not only repetitive, but also a single TBI might result in CTE. 5, 6 The pathology of CTE can be categorized into four (I-IV) stages, with stage IV having the most severe spectrum of symptoms. 3 To summarize, the first manifested clinical symptoms of CTE, some of which intensify over the different CTE stages, include loss of attention and concentration as well as depression and headache. Memory loss, mood swings, explosivity, and suicidality were also recorded. A challenge of studying CTE is the fact that signs and symptoms are similar to other neurodegenerative disorders such as Alzheimer's disease (AD). In 2015, Stein et al analyzed beta-amyloid deposition in CTE. 7 The findings indicated that amyloid beta peptide (Ab) deposition is accelerated in CTE subjects compared to a normal aging population. Additionally, Ab was associated with pathological and clinical progression of CTE. The results showed that the cases with diffuse as well as neuritic Ab deposition increased with CTE stage. However, stage IV CTE had significantly fewer neuritic plaques compared to AD.
As of now, CTE diagnosis can only be made based on postmortem examinations. 8 Postmortem analysis is advantageous in the way that histopathology can contribute to the scientific findings in CTE research and confirm the CTE diagnosis. Different brain areas can be analyzed for hyperphosphorylated tau pathology and axonal disruption as well.
In addition to histopathology, magnetic resonance imaging (MRI) is applied in CTE research. It has a greater sensitivity compared to computed tomography (CT) and can detect diffuse axonal injury, which is poorly detected by CT. 9 It has been observed that MRI shows more intracranial lesions compared to CT and was significantly more sensitive than CT in the detection of intra-axial injury. 10, 11 In addition, magnetic resonance spectroscopy (MRS) is another technique under investigation in concussion studies. 10 Both MRI and MRS are noninvasive techniques without ionizing radiation and may offer a possibility to an early in vivo diagnosis of CTE. To date, many reviews on CTE research exist, which mainly focus on the effects of concussions in contact sports athletes with CTE as a possible result. 2, [12] [13] [14] On the other hand, not many neuroimaging studies on CTE research have been published. The majority of the published in vivo studies focus either on the effects of contact sports on CTE or on chronic TBI by applying different MR sequences and will be discussed in detail in this review. The purpose of the present work is therefore to systematically review brain MRI and MRS studies in chronic TBI and CTE research. We thereby focus especially on the different MR techniques applied and discuss the results and general limitations of those studies.
Materials and Methods
To ensure a high quality of reporting, we adhered to the recommendation for systematic reviews of the PRISMA guidelines. 15 
Search Strategy
Articles were retrieved via a systematic search on the online databases PubMed and Embase with the terms ("chronic traumatic encephalopathy" OR "punch drunk syndrome" OR "chronic traumatic brain injury" OR "dementia pugilistica" OR "chronic head trauma") AND ("magnetic resonance imaging" OR mri OR imaging OR mrs OR "magnetic resonance spectroscopy" OR spectroscopy). All studies available online until 13.12.2017 were included.
Selection Criteria and Study Selection
After inspection for duplicates, title and abstract of all records were screened based on the following inclusion criteria: 1) study design: original publication in a peer-reviewed journal and no concept article or review article; 2) no single-case study design or case series; 3) application of MRI or MRS; 4) investigation of CTE or chronic traumatic head injury; 5) no animal study; and 6) original article in English. Publications that clearly did not meet inclusion criteria were excluded. Decision for inclusion or exclusion of the remaining records was made based on review of the full texts. Studies based on confirmed CTE were included and for quality assessment of the remaining articles, the following additional exclusion criteria were established 1) no control group; 2) no group comparison of MRI or MRS results between experimental group and control group; 3) TBI patients only in acute phase (<3 months postinjury 16 ). All articles meeting at least one of the exclusion criteria were excluded. Group comparisons between experimental subgroups are not discussed in this review.
The inclusion and exclusion criteria were established to assess the risk of bias of the articles. Each of the established exclusion criteria represents a risk of bias and by excluding any article meeting at least one of those criteria, a biased reporting could be prevented. Furthermore, articles passing the selection procedure offer a possibility for an in vivo diagnosis by clearly distinguishing the patient group and the control group in the form of statistically significant group differences. The search and selection process was conducted by two reviewers independently. In case of disagreement, reviewers discussed their reasons for initial inclusion and exclusion. If consensus was not reached, a third reviewer was included.
Several studies solely used positron emission tomography (PET) imaging and were therefore not included in this study. Furthermore, several studies applied MRI as well as PET imaging [17] [18] [19] and were consequently included. However, the PET imaging results are not discussed in this work.
Recorded Variables, Data Extraction, and Analysis
Data were extracted by two reviewers independently. The recorded variables for each article included in the review were: country and center where the study was performed, authors and year of publication, study design, experimental group (number of subjects, type, gender, age), control group (number of subjects, type, gender, age), MR method, analysis method, MR coverage, and results. Results were stated as significant if P 0.05.
Results

Identified Studies
The search on the PubMed and Embase databases resulted in 432 publications, of which 25 articles were included in this systematic review. A total of 259 publications clearly did not meet the inclusion criteria and were excluded based on title and abstract. Of those, five were excluded based on language, 113 were review articles, 24 were either single case studies or case series, 16 were animal studies, 84 were not original research articles (e.g. supplements, editorials, abstracts, perspectives), and 17 did not use MRI or MRS. Full texts of the remaining 49 publications were assessed with the following criteria: studies based on confirmed CTE were included and for quality assessment of the remaining articles, the following additional exclusion criteria were established: 1) no control group; 2) no group comparison of MRI or MRS results between experimental group and control group; 3) TBI patients only in acute phase. A flowchart of the selection procedure with the included and excluded studies is summarized in Fig. 1 (based on the template of the PRISMA flow diagram from www.prismastatement.org), whereas Supplementary Table 1 provides an overview of the full text assessment and corresponding reasons for exclusion. Table 1 presents the study design of the included studies of which 11 investigated chronic TBI individuals, 12 investigated contact sports athletes, and two studies investigated deceased patients with a confirmed neuropathological diagnosis of CTE (CTE patients). Ten studies based on chronic TBI individuals examined a mixed gender experimental group [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and one did not provide information on the sex of study participants. 30 All studies focusing on contact sports athletes investigated solely male experimental groups, [17] [18] [19] [31] [32] [33] [34] [35] [36] [37] [38] [39] and the two ex vivo studies did not provide any information on gender. 40, 41 Contact sports athletes In all, 432 articles were identified through a systematic search on the databases PubMed and Embase with the terms ("chronic traumatic encephalopathy" OR "punch drunk syndrome" OR "chronic traumatic brain injury" OR "dementia pugilistica" OR "chronic head trauma") AND ("magnetic resonance imaging" OR mri OR imaging OR mrs OR "magnetic resonance spectroscopy" OR spectroscopy). Abstracts were screened with the following inclusion criteria: 1) original publication in a peer-reviewed journal and no concept article or review article; 2) no single-case study design or case series; 3) application of magnetic resonance imaging (MRI) or magnetic resonance spectroscopy (MRS); 4) investigation of chronic traumatic encephalopathy (CTE) or chronic traumatic head injury; 5) no animal study; 6) original article in English. Full texts were assessed with the following criteria: studies based on confirmed CTE were included and for quality assessment of the remaining articles, the following additional exclusion criteria were established: 1) no control group; 2) no group comparison of MRI or MRS results between experimental group and control group; 3) traumatic brain injury patients only in acute phase. Consequently, 25 studies were included in the review. 
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included soccer players, boxers, American football players, baseball players, and wrestlers. The age range of all studies was from school level to retirement age (13.5-74 years). Of all included in vivo studies, 22 used an age-matched control group. [17] [18] [19] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] All articles were published between 1994 and 2018.
Ex Vivo Studies and Histopathology
The systematic search resulted in only two articles using ex vivo samples of patients with confirmed CTE 40, 41 (for more details, refer to Table 1 ). Both ex vivo studies applied myelin black gold II and phosphorylated tau immunoreactivity for histopathology. 40 , 41 Gangolli et al stained myelinated fibers of every sixth section with myelin black gold II. This resulted in two stained sections per MRI slice. They validated a coregistration method for matching diffusion signals to quantitative metrics of high-resolution histological images. It was found that the method proved robust in correlations between histologically based white matter (WM) fiber orientations and generalized q-sampling diffusion imaging. They also described a quantitative histological metric of WM fiber integrity (power coherence) in an animal model. With this, they were able to distinguish complex but intact WM from disrupted WM regions. Holleran et al analyzed two histological slices for every MRI slice. Phosphorylated tau immunoreactivity was used to assess immunoreactivity with antibodies specific for phosphorylated tau (AT8). The images of the histology sections maintained optimum resolution to distinguish individual phosphorylated tau tangles and threads. Neurofibrillary tangles and neurites positive for AT8 were found in all samples. For the measurement of axon disruption, myelin black gold II was used. The results showed disrupted WM axons directly adjacent to accumulations of p-tau in the depths of gray matter (GM) sulci. The disrupted axons did not show a clear fiber orientation. However, axons underlying p-tau negative sulci appeared to be parallel. Power coherence was analyzed within each histological region of interest (ROI) corresponding to an MRI voxel. Higher power coherence was associated with lower levels of p-tau in directly adjacent GM sulci.
Imaging Methods
From the 25 included studies, 14 used diverse MR techniques. 18, 19, [21] [22] [23] [24] [25] [27] [28] [29] [30] 32, 34, 38 Twenty-one studies applied structural MRI, including T 1 -weighted (T 1 -w), T 2 -weighted (T 2 -w), fluid attenuated inversion recovery (FLAIR), susceptibility weighted imaging (SWI), and proton-density weighted (PD-w) imaging. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] 34, 35, [37] [38] [39] 34 The most abundant examined areas were the septum pellucidum, the corpus callosum, the hippocampus and total WM, GM, and cerebrospinal fluid (CSF). Details and main findings are summarized in Table 2 , where sequences not contributing to group comparison results are marked with brackets.
Diffusion Imaging
Of the included studies, 13 applied diffusion MRI. 18, 19, 21, 23, [28] [29] [30] 32, 33, 36, 38, 40, 41 Fractional anisotropy (FA), diffusion kurtosis estimator (DKE), axial diffusivity (AD), mean diffusivity (MD), radial diffusivity (RD), longitudinal diffusivity (LD), and apparent diffusion coefficient (ADC) were the scalar metrics assessed in those articles. Of all studies applying diffusion MRI, three did not present results on their diffusion MRI data. 18, 28, 29 The two ex vivo studies focused on advanced diffusion modeling and examined brain regions (Brodmann Area [BA] 8/9) of deceased patients with a confirmed neuropathological diagnosis of CTE. 40, 41 By correlating histological power coherence and the diffusion MRI parameters, it was found that WM power coherence and FA were significantly correlated. 41 This result indicates that lower FA in WM is associated with increased axonal disruption. In summary, the two ex vivo articles indicate that advanced diffusion MRI has the potential to detect WM axonal disruption caused by CTE pathology. Five articles using contact sports as the experimental group discussed diffusion MRI results. 19 changes. The persistence of those changes was also determined after a 6-month period of no-contact rest. Additionally, the clinical relevance of those WM changes was assessed. The results show that college football players experienced significantly greater WM change in FA and MD compared to the control group. Furthermore, WM changes persisted after the 6 months of no-contact rest and only in some athletes did the WM changes return to baseline. Coughlin et al found significant group differences in FA values in the right posterior thalamic radiation and in MD values in the left anterior corona radiata. 19 Zhang et al applied DWI and structural MRI; however, they only compared diffusion parameters. 32 Gupta et al compared FA and MD between chronic TBI individuals and controls. 21 Group comparison showed a significantly lower mean regional FA ratio and a significantly higher MD value in chronic TBI individuals. Kraus et al calculated FA, AD, and RD in mild TBI (mTBI), moderate-severe TBI (m/sTBI), and controls. 23 They found significantly decreased FA values in all ROIs (whole brain, cingulum, external capsule, cortico-spinal tract, inferior frontal-occipital, anterior corona radiata, posterior corona radiata, forceps major, forceps minor, superior longitudinal fasciculus, sagittal stratum, body, genu, and splenium of corpus callosum) for the m/sTBI group and decreased FA values in three ROIs (cortico-spinal tract, superior longitudinal fasciculus, sagittal stratum) for the mTBI group compared with controls. Furthermore, significant increases in AD and RD in m/sTBI group in all ROIs and a significant increase in AD in mTBI in two ROIs (superior longitudinal fasciculus, sagittal stratum) were found. Little et al analyzed mTBI and m/sTBI individuals by DTI and compared the respective results to controls. 30 They found an overall significant effect in the subject group on FA in the anterior and posterior corona radiata, the forceps major, the body of the corpus callosum, fibers extracted from the anterior thalamic nucleus, and ventral anterior thalamic nucleus. The greatest difference was found between the m/sTBI individuals and controls. Furthermore, the controls were found to have significantly higher FA in the thalamus compared to m/sTBI individuals. mTBI individuals did not show any significant FA reductions compared to controls. Neither further cortical ROIs, nor the whole brain FA differed between chronic TBI individuals and controls.
Structural Imaging
Of the 25 selected articles, 21 applied structural MRI, whereas all of them were based on in vivo data. Of those, seven applied solely structural MRI sequences, 17, 20, 26, 31, 35, 37, 39 20 For MRI, T 1 -w, T 2 -w, and PD-w images were acquired, with the T 1 -w images used to obtain the ventricle-to-brain ratio (VBR). Chronic TBI individuals were categorized into minor and major TBI groups based on injury severity. Group comparison between the chronic TBI subgroups and controls showed significantly increased VBR in the major TBI subgroup and normal VBR in the minor TBI subgroup. Little et al published an article on the effects of single and multiple concussions focusing on a civilian population, including both male and female participants. 26 A T 1 -w sequence was used and analyzed by voxel-based morphometry (VBM).
Results of the whole-brain volumetric analysis showed that there was an effect on different areas such as GM, WM, and CSF in the participating group. Additionally, a significant decrease in intensity in WM and GM in participants with mTBI compared to controls was found. mTBI patients showed tissue density changes in GM compared to the control group. Furthermore, participants with single TBI were compared to multiple mTBI participants, and the latter showed decreased tissue density in temporal lobes, parahippocampal gyri, ventrolateral prefrontal regions, the external capsule, and the cerebellum. Of the studies using contact sports athletes as the experimental group, 10 applied structural MRI sequences. [17] [18] [19] 31, 32, 34, 35, [37] [38] [39] Two, however, did not perform structural MRI group comparisons. 32, 34 Jordan et al compared members of the U.S. Men's National Soccer Team to male elite track athletes as a control group and could not find a statistically significant difference in T 1 -w and T 2 -w. 31 Two studies used boxers as an experimental group. 18, 38 In the study by Wilde et al, imaging and cognitive indications of neurodegeneration after repetitive head trauma and mTBI in association with boxing were analyzed and evaluated. 38 For this study, diffusion MRI as well as structural MRI was acquired. T 1 -w, T 2 -w as well as FLAIR were applied to acquire structural MRI data. Diverse brain regions were found to be affected in both groups (frontal and temporal regions, parietal lobe, corpus callosum, cerebellum, brainstem, anterior commissure, olfactory bulbs, pituitary and posterior pituitary, cavum septum pellucidum [CSP], hippocampus, basal ganglia, lateral ventricles). However, the most frequent findings in both groups included T 2 -w hyperintensities in both the frontal and temporal regions and the parietal lobe. Furthermore, the Evans index
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(maximum width of the anterior horns of the lateral ventricles divided by maximal width of the internal diameter of the skull 38, 42 ) was significantly higher in the boxers' group. 19 No group differences in regional brain volumes between young NFL players and controls by T 1 -w were found. Alosco et al analyzed former NFL players and calculated WM signal abnormalities (WMSAs) by T 1 -w. 39 The experimental group showed significantly greater volumes of WMSAs.
Functional Imaging
Of the 25 included studies, six focused on fMRI. 22, 24, 25, [27] [28] [29] Chronic TBI patients in the study by
Wiese et al were divided into left and right hemispheric lesions. 22 It was found that for self-initiated movements, chronic TBI individuals with predominantly left contusions showed significantly increased activity within the left middle and superior frontal gyrus compared to controls. Chronic TBI individuals of the right hemispheric subgroup showed significantly decreased activity within the right caudate head compared to controls. Externally triggered movements did not yield any significant group differences for enhanced or decreased activity. Both studies by Kim et al 24, 25 measured cerebral blood flow (CBF) with continuous ASL in TBI individuals and compared it to a healthy control group. Kim et al found significant group differences in absolute CBF at the whole-brain GM and WM level. 24 Kim et al performed task-induced CBF analysis and found group differences in bilateral superior occipital cortices and the left superior temporal cortex. 25 These regions were found to be disproportionately hypoperfused at rest after TBI. Chronic TBI individuals showed a more bilateral activation pattern for the middle frontal and supplementary motor cortices. Statistically significant group 3 task condition interactions were found in the bilateral superior occipital (BA 18) and the left superior temporal cortices (BA 22). Han et al performed a network analysis to assess disrupted connections and a volume analysis by resting-state fMRI. 27 Significant group differences were found in regional global efficiency in left superior frontal gyrus, left superior parietal lobule, and left middle frontal gyrus (BA 6). Additionally, significant group differences for regional local efficiency in left anterior temporal lobe, right hippocampal formation, posterior cingulate cortex, left posterior inferior parietal lobule, right frontal eye fields, left anterior insula, left dorsolateral prefrontal cortex, left middle frontal gyrus (BA 6), and right middle frontal gyrus (BA 6) were stated. No significant group differences in whole-brain volumes were reported. Moreover, statistically significant group differences in connectivity were identified. Nordin et al used resting-state fMRI and ASL measurements and found that healthy controls have a higher connectivity count index in the thalamus and higher functional connectivity in medial frontal gyri. 28 Furthermore, a significant group difference in dorsal anterior cingulate was found. Amyot et al found significant reductions in mean global, GM, and WM cerebrovascular reactivity in chronic TBI individuals by BOLD analysis. 29 However, no significant group difference for CBF was found by ASL analysis.
MRS
The study by Lin et al analyzed the posterior cingulate gyrus of contact sports athletes, including American football players, professional wrestlers, and baseball players. 34 showed both diffusion and structural MRI results. 19, 38 Furthermore, the scan coverage varied between studies. All in vivo MRI studies applied whole-brain coverage, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [35] [36] [37] [38] [39] the MRS study analyzed the posterior cingulate gyrus, 34 and the ex vivo studies analyzed BA 8/9. 40, 41 In addition, the analysis methods varied considerably between the studies and not all used an age-matched control group, which limits the possibility of direct comparison. Articles based on confirmed CTE were consequently included in this review, whereas the following exclusion criteria were applied to the remaining studies: no control group, no MR group comparison, and not being in the chronic phase (<3 months). The existence of significant group differences between a healthy control group and the experimental group consisting of either chronic TBI individuals or contact sports athletes suffering from multiple concussions offers a possibility for future in vivo diagnoses. This review focused on morphological alterations in the chronic phase (>3 months) after TBI. Three months were used as a cutoff value for the chronic phase as stated in the Diagnostic and Statistical Manual of Mental Disorders. 16 Furthermore, it was shown that a single TBI can lead to pathological alterations, such as tau and amyloid-beta pathology, possibly resulting in CTE. 5, 43 Therefore, in vivo analysis of TBI patients in the chronic phase (>3 months postinjury) enables the evaluation of pathological alterations that might lead to CTE. Assessment of the 25 included studies showed that only two were based on ex vivo data. 40, 41 Ex vivo studies enable the correlation between histopathology and postmortem MRI. As CTE can only be diagnosed postmortem, the in vivo studies suffer from the fact that observed changes cannot reliably be correlated with CTE. 8 However, with only two ex vivo articles identified by this systematic search, more research focusing on coregistering MRI and histology in human ex vivo samples is needed. Furthermore, the experimental groups of approximately half of the included in vivo studies consisted of contact sports athletes only, which are expected to sustain repetitive impacts to the head throughout their sports careers, making repetitive head injury with following CTE a likely consequence. 44, 45 This observed study group bias might result in the detection of various preexisting differences compared to the normal and nonathlete population. As all studies analyzing chronic TBI individuals were in vivo studies, no CTE confirmation could be performed. Unfortunately, all 12 studies analyzing contact sports athletes examined solely males in the experimental group, whereas from the 11 studies analyzing chronic TBI individuals, all but one used a mixed gender experimental group. This reflects partially nonrandomized study populations that were self-selected and included participants of particular subpopulations. Previous studies have shown that gender influences response of brain and outcome following a TBI. [46] [47] [48] One study showed that female and male TBI groups differed significantly in the severity of injury and in mortality. 46 Furthermore, it was shown by another study that after concussions, female athletes exhibited lower performance on visual memory composite scores and yielded higher scores on total symptoms compared to male athletes. 48 Of the in vivo studies all but one 20 used an agematched control group. This is important in order to account for morphological changes related to age. 49, 50 As a consequence, the significant group differences of the in vivo study without an age-matched control group have to be interpreted with care. Multiple studies used a much smaller (55% of experimental group size) control group compared to the respective experimental group. 21, 23, 26, 27, 29, 30, 33, 37, 39 This is a possible factor influencing the statistical power. Furthermore, results of studies with small sample sizes need to be carefully interpreted. Wilde et al did not find any significant results by diffusion MRI but found a significantly higher Evans index in the experimental group by structural MRI. 38 Possible reasons for the nonsignificant findings with diffusion MRI might be the small sample size (n 5 10), the wide range of age in the experimental group, and the similarity of the experimental and control group. The small experimental group size (n 5 5) in the study by Bang et al 18 might be a reason why no group differences were found. In addition, it cannot be excluded that the experimental and control group were too similar, since the type of control group was not given. For the studies analyzing contact sports athletes, controls should be matched for intelligence quotient (IQ), as this can influence MR results. 51 18, 19, 37 Articles identified by this systematic search had several limitations. First, all studies analyzing contact sports athletes used a solely male experimental group. It is important for future research to increase the number of female participants, since it was shown that female and male brains differ in various aspects. [53] [54] [55] [56] Second, some of the identified studies not obtaining significant results used small experimental groups (n 20). For future CTE studies it is therefore important to increase sample size to improve the statistical power. Third, three studies additionally applied PET imaging but were not discussed in detail in this review. [17] [18] [19] PET imaging might be useful for in vivo CTE studies, for example, for amyloid or tau imaging. 57 However, it cannot be applied for ex vivo measurements and can therefore not be directly correlated to histopathological results. In addition, PET is an invasive technique, as it uses radioactive tracers, and therefore is hardly applicable for repetitive and longitudinal studies. Fourth, only two ex vivo articles were included in this review and only those two articles used distinctive CTE cases, whereas all other articles were speculative in terms of CTE. The total scan time of the different sequences acquired for the ex vivo studies were 1.5 and 11 hours, respectively, making it at this stage not applicable for in vivo scans and diagnosis.
In conclusion, MRI and MRS have been shown to be useful in CTE research in both in vivo and ex vivo studies. However, MRI and MRS are only promising for future research and possible diagnosis of CTE if they can be coregistered and correlated with histopathology. This said, it is important to increase the number of ex vivo studies and to have a sufficiently large sample size consisting of male and female participants and a matched control group for in vivo studies investigating the triggering stages of CTE. As it was shown previously that a single TBI can lead to pathological alterations possibly resulting in CTE, it is therefore important to not only include repetitive chronic TBI individuals, but also single chronic TBI patients. Furthermore, longitudinal studies on different subpopulations could depict how traumatic brain injuries alter brain structures over time and lead to the onset of CTE pathologies.
